Abstract The effectiveness of three commercially available direct DNA isolation kits (Mobio, Fast, Qiagen) and one published direct DNA extraction protocol (Bead) for extracting bacterial DNA from different types of activated sludge was investigated and mutually compared. The DNA quantity and purity were determined using real-time PCR targeting the bacterial 16S rDNA gene. Microbial community fingerprints were assessed by automated ribosomal intergenic spacer analysis. The resulting community profiles were analyzed with canonical correspondence analysis. Our results clearly demonstrate that direct DNA extraction methods can significantly influence the DNA quantity, purity, and observed community patterns of microbiota in activated sludge. Fast and Mobio generated high amounts of good quality DNA compared to Bead and Qiagen. Mobio also resulted in the detection of the highest number of species while Fast scored the best in discriminating between the community patterns of different activated sludge types. With respect to the characterization of community profiles, our analyses demonstrated a strong sludge type dependent variability among methods. Taking into account our results, we recommend Fast as the most suitable DNA extraction method for activated sludge samples used for bacterial community studies.
Introduction
To date, most wastewater treatment processes rely on the use of activated sludge, which is a common term used to define a very heterogeneous assembly of microorganisms, mainly dominated by a number of bacterial taxa (Gerardi 2006) . Especially thanks to the presence of some of these bacterial communities, undesirable organic compounds, and micropollutants, such as pharmaceuticals, hormones, and pesticides, can effectively be degraded and removed from the wastewater (Radjenovic et al. 2009; Stasinakis 2009 ).
In order to determine which factors influence the efficiency and stability of biological wastewater treatment plants and to develop strategies for an improved process performance (Nielsen et al. 2009a) , we need to gain a better understanding of the community composition and functioning of activated sludge microbiota and how these microbiota are related to environmental variables (e.g., influent quality) and both system and operational parameters. Such knowledge improvement largely depends on molecular techniques that allow the reliable assessment of bacterial community composition. Automated Ribosomal Intergenic Spacer Analysis (ARISA), a genetic fingerprinting technique with a high resolution and sensitivity, is commonly used to assess the composition of complex prokaryotic communities in a rapid and accurate way (Danovaro et al. 2006; Xin et al. 2008; Steele et al. 2005; Lear et al. 2008) . ARISA is based on the amplification of the intergenic region between the 16S and 23S rDNA genes in the rDNA operon (known as the Internal Transcribed Spacer region), which is characterized by a significant variability in length and nucleotide sequence among different bacterial taxa (Daffonchio et al. 2003) . Essential for most molecular biodiversity analyses is the use of samples consisting of pure nucleic acids that provide a realistic representation of the community composition. However, it is commonly acknowledged that fingerprinting patterns can be influenced by the used DNA extraction method (Carrigg et al. 2007 ). Efficient extraction of good quality bacterial DNA remains a challenge, especially when working with samples consisting of a complex microbial matrix and a potentially high concentration of PCR inhibitors like soil and activated sludge. It is suggested that direct DNA extraction methods, based on cell lysis within the sample matrix and subsequent separation of DNA from the matrix and cell debris, are best suited for complex samples. Numerous lab-designed and commercial DNA extraction methods are currently available. Despite the common use of the latter ones, they have never been compared for specific applications (Maier et al. 2009 ). Depending on sample characteristics, some methods provide a high DNA yield while others seem to generate a better DNA purity. For example, Chen et al. (2006) compared a solvent-based and a commercially available DNA extraction method in order to enumerate fecal coliforms in biosolids by competitive PCR. They found that the commercial DNA kit provided a low recovery due to an inefficient cell lysis. In contrast, a study performed by Maarit Niemi et al. (2001) , where different DNA extraction and purification methods were evaluated for soil samples by PCR-DGGE, showed that the commercial method yielded the highest DNA concentration and the most intensive and reproducible banding pattern.
When working on sludge samples, the majority of studies are using protocols intended for habitats like soil without adaptation (McIlroy et al. 2009 ). We therefore evaluated and compared four direct DNA extractions in their ability to extract good quality DNA of three sludge samples from different origins, and we compared the fingerprinting patterns and determined which DNA extraction method yields the most robust and suitable results for application on activated sludge.
Material and methods

Experimental design
An experiment with a two-factorial design was performed, by applying four direct DNA extraction methods on three types of activated sludge. Bacterial cell densities (number of cells/g sludge) and DNA purity (presence/ absence of PCR inhibitors) were determined by means of a real-time PCR targeting the bacterial 16S rDNA gene. ARISA was used to generate microbial community profiles and to determine the bacterial species richness (total amount of Operational Taxonomic Units (OTUs)). Prior to DNA extraction, each sludge sample was divided into seven independent replicate subsamples [250±10 mg sludge (wet weight)].
Sludge type
Three different sludge samples from Agristo (Harelbeke, Belgium), Danone (Rotselaar, Belgium), and Waterleau (Wespelaar, Belgium), treating wastewater from the potato, diary, and sugar industry, respectively, were collected. Upon arrival in the lab, the mixed liquor suspended solids (MLSS) were measured in accordance with standard methods (APHA 1995) , and the structure of the three sludge communities was visualized by means of inverted microscopy (CKX41, Olympus). Afterwards, the samples were stored at −80°C until use.
DNA extraction method
Three harsh lysis DNA extraction methods based on bead beating and one soft method that is based on chemical lysis were selected.
Concerning the harsh lysis methods, two commercial DNA extraction methods, namely, Mobio Ultraclean™ soil DNA kit (Cambio) and the Fast DNA spin kit (Bio 101, Qbiogene Inc) and one DNA extraction method based on a previously published technique (Boon et al. 2000) , were used. The three mentioned methods are further referred to as "Mobio," "Fast," and "Bead," respectively. The Bead extraction procedure was undertaken as described by Boon et al. (2000) and adapted to an initial sludge weight volume of 250 mg. The Mobio and Fast extraction methods were performed as recommended in the manufacturer's instruction.
For the soft lysis method, a combination of the QIAamp® DNA Stool Mini Kit and the QIAamp DNA Blood Mini kit (Qiagen GmbH), as described by Weiss et al. (2007) , was selected. This method will further be referred to as "Qiagen." The reaction volumes were adapted to an initial sludge weight volume of 250 mg.
For the four extraction procedures, a final elution volume of 50 μl was obtained, and aliquots of the extracted DNA were stored at −20°C until further use.
Assessment of the DNA extraction efficiency
The bacterial DNA concentrations and amplification efficiency (presence of PCR inhibitors) by using a quantitative Taqman-based 16S rDNA real-time PCR were determined. The amplification efficiencies were evaluated using a Taqman® Exogenous Internal Positive Control (IPC, Applied Biosystems; Hartman et al. 2005) . For each sludge type, three randomly chosen subsamples were assayed together with their tenfold dilution in duplo in a 25-μL real-time PCR reaction containing 2.5 μL of template DNA, 12.5 μL of 10xTaqMan® Universal PCR Master Mix (Applied Biosystems), 12.5 pmol of forward P891F and reverse primer P1033R, 3.75 pmol of the FAM® labeled probe, and 5 μL 2% bovine serum albumin (Sigma-Aldrich; Nonnenmacher et al. 2004 ). The IPC was co-amplified in each PCR reaction, according to the manufacturer's instructions. We used double distilled water (ddH 2 O) as a negative control and tenfold serial dilutions of known amounts of Escherichia coli DNA (positive control DNA) were included in triple in each run. The positive control DNA was prepared by culturing E. coli for 24 h in Luria-Bertani (LB) medium in a shaking incubator at 120 rpm. The genomic DNA was extracted using a Nucleospin®Tissue Kit (Macherey-Nagel), according to the manufacturers' instructions. Subsequently, the concentration and the purity of the positive control DNA were measured by spectrophotometric measurements (Nanodrop). The initial amount of bacterial cells was enumerated by plating serial dilutions on LB-agar plates. The 16S rDNA copy number was estimated on the basis of the genome size (4.64 Mbp) and seven copies of the 16S rDNA per E. coli genome (Okano et al. 2004) . DNA amplification and PCR product detection were performed using the ABI Prism® 7000 Sequence Detection System (Applied Biosystems). A standardized real-time PCR reaction contained the following steps: 2 min at 50°C, 10 min at 95°C, followed by 50 cycles of 15 s at 95°C and 1 min at 60°C. The E. coli standard curve was automatically generated by the ABI Prism system by plotting the cycle threshold (Ct), at which the threshold fluorescence was reached, versus the logarithmic concentration of positive control DNA. The Ct is defined as the number of cycles required for the fluorescent signal of the target DNA to cross the threshold (i.e., exceeds background signal). Ct levels are inversely proportional to the amount of target nucleic acid in the sample.
We analyzed the real-time PCR data using the SDS 1.2.3. software (Applied Biosystems). PCR inhibition was determined by comparing the amplification plot of the IPC of the samples with the amplification plot of the IPC of the positive control DNA. An IPC amplifies under the same PCR conditions as the target DNA but by using its own primer and probe set (Hartman et al. 2005) .This means that the target DNA amplification efficiency will never be affected by competition of both IPC and target DNA for the same primer and probe set. As PCR inhibition mostly concerns inhibition of the DNA polymerase (Stark et al. 2000) , the IPC and the target DNA are exposed to the same degree of amplification inhibition. We defined "good quality DNA" as DNA that did not show amplification inhibition in real-time PCR analyses.
Assessment of bacterial community profiles ARISA PCR was performed using approximately 10 ng of sludge DNA and the ITSF/ITSReub primerset, as previously described by Cardinale et al. (2004) . Of each PCR amplicon, 5 μL were visually checked on a 1.5% agarose gel after GelRed™ staining (Biotium, Hayward). Hereafter, 1 μL of each amplicon was mixed with 0.3 μL internal size standard (GeneScan™ 1,200 Liz® Size Standard, Applied Biosystems) and 8.7 μL deionized formamide. ARISA-PCR fragments were separated by capillary electrophoresis on an ABI Prism 3,130 Genetic analyzer using POP7 polymer (Applied Biosystems). The ARISA profiles were analyzed using Genemapper (version 4.0, Applied Biosystems). To obtain a maximum number of peaks, defined as OTUs, we used a threshold of 50 fluorescence units (baseline). Two peaks were considered identical if the difference between both was less than 0.5 bp. Due to a potential bias in DNA extraction and PCR amplification, peak height cannot be considered proportional to the relative abundance of bacterial species (Suzuki and Giovannoni 1996; Yannarell and Triplett 2004) , and hence, OTU presence/absence data were used for analysis. For each sludge subsample, bacterial species richness was expressed as the total number of OTUs within the corresponding electropherogram.
Data analysis
The amount of extracted DNA (expressed as bacterial cell density) and bacterial species richness (total number of OTUs detected) were analyzed with two-way ANOVA, with sludge type, and DNA extraction methods as explanatory variables. Being mainly interested in the overall performance of DNA extraction methods across sludge types, we further explored the main effects of this factor by comparing all combinations of its levels using contrast analysis.
A contrast analysis tests the statistical significance for an a priori defined set of comparisons among the levels of experimental factors. Bacterial cell densities were logarithmically transformed prior to analysis. All univariate analyses were performed with Statistica 9.0.
The relationship between the observed microbial community composition (presence/absence data of OTUs) and the experimental factors (sludge type and DNA extraction method) was explored by means of Canonical Correspondence Analysis (CCA). CCA is a direct gradient ordination technique that allows to formally test for the significance of experimental factors on community data, as well as the interaction effects among factors (Lepš and Šmilauer 2003) . Significance tests were performed with random Monte Carlo permutation tests (9,999 unrestricted permutations per test). The CCA was performed using the software package Canoco for Windows, version 4.5 (Biometris Plant Research International).
Results
Sludge characterization
The Agristo (mainly starch content), the Danone (mainly protein content), and the Waterleau sludge (mainly saccharides content), contained a MLSS of 17.8±2.1, 13.4±1.4, and 6.5 ± 0.5 g/L, respectively. The Danone sludge contained a very high amount of filamentous bacteria compared to Agristo and Waterleau (Fig. 1) .
DNA extraction efficiency
Two-way ANOVA revealed a highly significant DNA extraction method and sludge type interaction effect and a significant main effect of the DNA extraction method on the observed bacterial cell density (Table 1) . Contrast analysis showed significant differences among all DNA extraction methods, except between "Qiagen" and "Bead" (Table 2 ). Concerning the Danone sludge, Fast and Mobio showed a high and comparable DNA yield, in contrast to Bead and Qiagen. While for the Agristo and Waterleau sludge, Fast appeared to be the best method (Fig. 2) .
Fast and Mobio always yielded good quality DNA without any PCR amplification inhibition. In contrast, when microbial DNA was extracted using the Qiagen and Bead methods, inhibition of IPC amplification was detected in both the original sample and the tenfold dilution (Fig. 2) .
Bacterial community assessment
Electropherograms from the three different sludge types and the four tested DNA extraction methods are shown in Fig. 3 . In general, OTUs ranging from 121 to 1,074 bp were obtained and the majority of them had a length between 200 and 700 bp. For all samples, a total of 182 distinct OTUs were identified.
As for the bacterial cell density, the observed bacterial species richness was significantly influenced by an interaction between DNA extraction method and sludge type (Table 1) . By comparing the different methods mutually, the contrast analysis indicated significant differences among all DNA extraction methods, except between "Qiagen" and Table 2 ). For all three sludge types, Mobio yielded the highest bacterial richness (Fig. 4) .
CCA analysis showed significant effects of DNA extraction method and sludge type on the bacterial community composition (Fig. 5, Table 3 ). Samples treated with the "Bead" and "Fast" techniques yielded very similar community profiles along the first and second axis compared to results obtained from the "Qiagen" and "Mobio" methods (Fig. 5a, Table 3 ). Sludge type and DNA extraction method both explained 18% of total bacterial community variation ( Fig. 5a and b, Table 3 ), and sludge types tended to yield different community profiles when subjected to different DNA extraction techniques (Fig. 5c, Table 3 ). This sludge × DNA extraction interaction was more pronounced than the main effects of the experimental factors as it explained 49% of the total amount of community variability in the dataset.
Discussion
Assessment of the DNA extraction efficiency
Although the DNA yield of each of the four DNA extraction techniques depended on the sludge type (cf. extraction method × sludge type interaction), we observed systematic differences in performance of the extraction methods (cf. main effect of extraction method).
We used three DNA extraction methods in which cells were lysed by means of beads, namely: Fast and Mobio, which are two commercial kits, and the commonly used standard bead beating lab protocol. Fast and Mobio tended to yield the highest amounts of goof quality DNA for all sludge types. The Danone sludge scored surprisingly high for Fast and Mobio compared to Bead and Qiagen. Microscopic analyses demonstrated that this sludge community was dominated by filamentous bacteria (Fig. 1a Bacterial cell density data were log transformed before analysis Appl Microbiol Biotechnol (2010) 88:299-307 compared to the other sludge types (Fig. 1b,c) . Bourrain et al. (1999) tested different floc dispersion and cell lysis treatments on different sludge types as a pretreatment step for DNA extraction and concluded that the lysis efficiency strongly depends on the amount of filamentous bacteria present in the samples. Most filamentous bacteria, originating from industrial WWTPs, are usually Gram positive (Nielsen et al. 2009b; Martins et al. 2004; Nielsen et al. 2009a) and thus characterized by a thick cell wall containing covalently associated peptidoglycans, which are critical for maintaining cell shape and rigidity (Madigan et al. 2009 ). Due to the resistant cell wall, Gram-positive bacteria show a high resistance to enzymatic lysis (Niwa et al. 2005 ). Compared to the other two extraction methods Qiagen and Bead, we thus found Mobio and Fast to be the more appropriate methods for the lysis of foaming or bulking sludge, based on the DNA yields for Danone sludge. For all three sludge types, both Fast and Mobio were successful in removing PCR amplification inhibitors. Our results confirm other studies where these two commercial kits were used for extracting DNA from other environmental samples like soil and sediments (Jiang et al. 2005; Webster et al. 2003; Maarit Niemi et al. 2001; Stach et al. 2001) .
DNA extracted by means of the bead beater protocol was commonly hampered by PCR inhibition. In contrast to Mobio and Fast, which are spin column-based methods, the Bead protocol contains a chloroform/isoamyl alcohol purification and isopropanol precipitation. The purification with phenol requires several steps transferring the DNAcontaining aqueous supernatant to new tubes without ARISA profiles for the Waterleau sludge, extracted with the Bead method, are not available due to a repeated unsuccessful PCR amplification disturbing the interphase. As a consequence, it is not feasible to always transfer all supernatant from one tube to another and loss of DNA is unavoidable (Merk et al. 2001) . Despite the fact that the spin column technology does not have a 100% recovery, it is a simple and quick method to extract nucleic acids from biological samples. Furthermore, most columnbased procedures do not require hazardous chemicals like chloroform, which are commonly used in traditional nucleic acid extraction procedures (Tolosa et al. 2007 ).
The fourth DNA extraction method we used (Qiagen) was a combination of two commercial kits and relied on chemical cell lysis. Real-time PCR results showed a strong amplification inhibition resulting in a quite low DNA amount for all samples. This probably might be due to the absence of a physical lysis of the sludge flocs. In order to extract DNA from activated sludge, it is necessary to disrupt and destruct bacterial cells, regardless of their biochemical composition or their localization in the floc community (Bourrain et al. 1999) . Although the Qiagen method has been successfully applied on tissues (Chan et al. 2001) , soils (Zoll et al. 2005) , fluids (Santos et al. 2010 ), oil (Ben Ayed et al. 2009 ), and plants (Elizaquivel and Aznar 2008) , it underperformed in our study. Concerning the extraction efficiency, we can conclude that the Qiagen and Bead method are not to be recommended as extraction methods for DNA from activated sludge.
Bacterial community assessment
Analyses of the ARISA data show that the DNA extraction method can strongly affect both the observed bacterial species richness and community profile patterns (Tables 2  and 3 ). Concerning the bacterial species richness, Mobio yielded the highest bacterial richness for every sludge type. It was found to be highly significantly different compared to the other extraction methods in the contrast analysis. In relation to the sludge type, the differences are not so pronounced as found for the DNA extraction efficiencies (Fig. 2) . But, regarding the community profile, the CCA plot (Fig. 5c ) illustrates that the "Bead" and "Fast" techniques tend to group together and yield similar community profiles, whereas the Mobio and Qiagen techniques result in profiles that tend to group along the first but not along the second CCA axis. A large amount of the variation was explained by the interaction among extraction method and sludge type, indicating that the relative difference in community profiles among extraction techniques varied strongly with sludge type (Fig. 5c) . Indeed, differences among extraction techniques tended to be small for all Waterleau analyses, whereas these differences tended to be more pronounced for the Agristo and Danone sludge. The observed interaction highlights a potentially important problem related to the study of sludge community profiles, as the observed community patterns maybe partly determined by the specific performance of a given DNA extraction method for a give sludge type, and there is no objective reference available that allows evaluating which method leads to the best approximation of the real community composition for a give sludge type. The three sludge types analyzed in our study differed very strongly in floc structure (e.g., high amount of filamentous bacteria in Danone versus low amount of suspended solids in Waterleau) and origin (potato, sugar, and diary industry; Fig. 1 ). Perhaps studies comparing community profiles among samples of a similar sludge type may be less affected by the substrate dependency of method efficiencies and biases. Furthermore, some criteria, such as DNA yield, degree of PCR inhibition, and observed number of species, may be useful as potential guidelines to evaluate the reliability of community profiles. For example, in our study, we would tend to suggest the patterns delivered by the Mobio and the Fast method, since both methods had a high DNA yield, did not suffer from PCR inhibition in any of the samples, and also resulted in the detection of the highest number of species, suggesting to be the methods with the highest overall performance. However, concerning the ability to distinguish between different sludge types, Fast delivered better results (Fig. 5c) . When using the Mobio method it is difficult to distinguish the Waterleau and Danone sludge. From this, it can be expected that the Fast method would also result in the most reliable community patterns.
